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Abstract

The rational design of cost-effective and efficient electrocatalysts for electrochemical water splitting
is essential for green hydrogen production. Utilisation of nanocatalysts with abundant active sites,
high surface area and deliberate stacking faults is a promising approach to enhancing catalytic
efficiency. In this study, we report a simple strategy to synthesise a highly efficient electrocatalyst for
the hydrogen evolution reaction (HER) using carbonised luffa cylindrica as a conductive N-doped
carbon skeleton decorated with Ag nanorings that are activated by introducing stacking faults. The
introduction of stacking faults and the resulting tensile strain into the Ag nanorings results in a
significant decrease in the HER overpotential, enabling the use of Ag as an efficient HER
electrocatalyst despite its low intrinsic activity. Our findings demonstrate that manipulating the crystal
properties of electrocatalysts, even for materials with intrinsically poor catalytic activity, such as Ag,
can result in highly efficient catalysts. Further, applying a conductive carbon backbone can lower the
quantities of metals needed without compromising the HER activity. This approach opens new
avenues for designing high-performance electrocatalysts with very low metallic content, which could
significantly impact the development of sustainable and cost-effective electrochemical water-splitting

systems.



Introduction

The world's increasing population and economic development escalate the demand for global energy.
Hydrogen, with its versatility as a feedstock in chemical processes and as a clean energy carrier,
stands out to meet this rising energy demand. * However, most of the hydrogen produced to date is by
cracking of hydrocarbon gases, thereby making it reliant on fossil fuels.? To reduce the carbon
footprint and produce high-purity hydrogen, green methods like electrocatalytic water splitting from
water have gained attention.® The success of this strategy significantly depends on the electrocatalysts'
performance facilitating the Oxygen Evolution Reaction (OER) and the Hydrogen Evolution Reaction
(HER) during water splitting. The ideal electrocatalysts should boast high catalytic activity and
conductivity, low cost, easy processability, and high stability.*® Traditional bulk metal catalysts often
underutilize active sites, leading to reduced mass activity due to insufficient electrolyte contact.’
Currently, the most effective HER catalysts are composites of platinum metal, with the leading
contender being the state-of-the-art Pt/C catalyst. The excellent performance of Pt/C is attributed
mainly to the d9 electronic structure of Pt that allows ready adsorption of intermediates obtained by
HER onto the Pt surface. The Pt component of this composite catalyses the HER based on the
Sabatier principle, and it is further supported by the conductive surface of the carbon catalyst support
to improve electron transfer.® The main constraint with using Pt-based catalysts is the high cost and

limited availability of Pt in nature.®

Cheaper noble metals like Ag offer high conductivity but exhibit weak hydrogen adsorption and,
subsequently, poor HER activity due to their d10 electronic structure. > ° Therefore, structural
changes are required to enhance the adsorption of reactants/intermediates on the Ag sites and,
consequently, the catalytic behaviour.™* Various strategies have been used to improve the performance
of catalysts for HER reaction; for example, reducing the particle size to increase the available active
surface area and allow for more efficient adsorption/desorption. ' ** Another approach to improving

the intrinsic activity of metal catalysts is to modify their electronic properties.**

Itis also very well
known that when carbon materials are combined with metal catalysts, significant improvement in the

catalytic properties can be achieved. This synergy arises from the increased electrochemically active



surface area, which enhances hydrogen adsorption, increases the mechanical stability of nanoparticles,
and provides an efficient pathway for electron transfer, as demonstrated elsewhere.**? From
economic and practical points of view, it would be ideal to utilise less expensive metal nanoparticles
with crystal structures suitable for H, adsorption integrated into heterostructure along with a high

surface area conductive carbon matrix.

Recent studies have reported that crystal defect sites can strongly affect the conductivity and catalytic
performance of the electrocatalysts.?" 22 The main reason is that the atoms at the surface of stacking
faults have a lower number of neighbours (coordination number) than those in the bulk material, and
they can also experience significant lattice strain.?® Both of these factors can alter the electronic
properties of the atoms, which can, in turn, affect their ability to adsorb and activate reactants.?*
Earlier research has focused on introducing stacking faults into the crystal structure of metal
nanoparticles as a means to improve the hydrogen adsorption performance.? Such crystalline defects
can also provide a significant effect in transforming materials that are basically inactive for the
hydrogen evolution reaction into effective catalysts.?® For example, Ramadhan et al. explored the
effect of stacking faults on enhancing the catalytic activity of Ni nanoparticles for improved

electrocatalytic oxidation of 5-hydroxymethylfurfural 2’

Ru nanoparticles with abundant stacking
faults have also been explored for improved electrocatalytic water splitting, yielding an overpotential
of 196 and 35 mV for OER and HER at 10 mA/cm?, respectively. % In another work using laser
ablation, researchers took advantage of the silver's low stacking fault energy and created Ag
nanoparticles with a 5.7% tensile strain.?® These Ag nanoparticles exhibited superior performance and
stability during the HER, surpassing the current standard Pt/C benchmark. Theoretical calculations in

the mentioned study have also shown a remarkable reduction in the hydrogen absorption Gibbs free

energy, ultimately responsible for excellent catalyst performance.

Motivated by the potential of Ag as an effective electrocatalyst, we demonstrate a low-cost method
for synthesizing a silver-based high-strain catalyst and support system with improved HER
performance. This structure consists of a minimal amount of Ag nanorings serving as a metal catalyst,

loaded onto biomass-derived conductive carbon that functions as the catalyst support. The novelty of



this work lies in synthesizing catalyst-support system with a very low loading of noble metal by
introducing stacking-faults in Ag nanorings which can transform highly inactive Ag into an efficient
HER catalyst. Here, luffa works as a highly porous source of heteroatom-doped carbon with a unique
fibro-vascular reticulated structure, providing a highly conductive support for Ag nanorings. The
synergy between the anchored high-strain crystals of the Ag nanorings present on the luffa matrix
together with the strong chemical interaction between them, provides excellent stability over
prolonged periods. This catalyst-support system has the distinct advantage of being simple,
economical, and environmentally friendly, where a very low concentration of Ag is sufficient for
efficient hydrogen evolution. The as-synthesised Ag/C electrocatalyst requires an overpotential of 116
mV to deliver a current density of 10 mA/cm? for hydrogen evolution reaction in an acidic medium,
while stable for at least 10 hours of continuous operation. We believe that this concept is not limited
to the water splitting application, but also has a potential in synthesis of metal electrocatalysts on

mesoporous carbon supports for energy storage, catalysis, carbon capture and chemical looping.



Methodology

Materials:

Materials used in this study include low-density luffa sponge imported from Shenzhen (China),
sodium hydroxide, Milli-Q ultrapure water (Millipore, >18.2 MQ c¢m), 5 wt.% Nafion solution
(Merck), absolute ethanol, potassium hydroxide (Extra pure, Fisher Chemicals) potassium chloride

(Analytical grade, Fisher Chemicals), and silver nitrate ( 99.9999%, Merck).
Synthesis:

Due to the way the luffa was harvested, two ends of the luffa were amputated, and the homogeneous
cylindrical structure was taken for studies. The core of the cylinder consisted of areas with hardened
lignin, which were removed before use. Removal of lignin increases the surface area available for salt
impregnation by facilitating fibre separation. The rest of the luffa (hoop region) was cut up into 2x2
cm pieces, washed twice with DI water, and sonicated for 20 mins to remove any dirt build-up.
Following several more washing cycles, luffa was soaked in DI water to open up the pores and swell
the fibre by water uptake. Raw luffa sponge was pre-treated with 1 M NaOH for 3 hours at 60 °C for
cleaning and lignin removal and washed thoroughly with water. The washed sponge was left to dry at
ambient conditions before salt impregnation. To form Ag nanorings, luffa was immersed in 0.3 M
AgNO;s salt solution for 1 and 5 hrs in a covered beaker, and the solution was slowly stirred at 50 rpm.
To keep the mesoporous structure and morphology of luffa intact, the material was taken out and
dried by vacuum lyophilisation at -55 °C. Following the drying process, luffa fibres were carbonised
in a tube furnace under Ar atmosphere at varying temperatures of 600, 700, 800, 900, 1000 and 1100
°C for 2 hrs with a high heating rate of 8 °C/min to minimise material shrinkage. After holding at
peak temperature for 30 minutes, the material was rapidly cooled down to room temperature by
passing copious amounts of cool Ar gas (at 4 °C) at a flow rate of 9 L/min through the tube. For
microstrain comparison via X-ray diffraction (XRD), a non-strained sample was also synthesized by
maintaining all other parameters constant while reducing the argon (Ar) gas flow rate to 2 L/min
during the cooling phase. Carbonised luffa fibre (CLF) was then ground to a fine powder using

mortar and pestle before being used as a catalyst material.



Characterisation:

Electron microscopy was conducted using a Tecnai F20 transmission electron microscopy (TEM) at
an accelerating voltage of 200 keV, attached with an energy dispersive X-ray detector (EDS), as well
as a JEOL JSM-6010 scanning electron microscopy (SEM) utilising tungsten cathode microscope,
also equipped with an EDS accessory. Raman spectra were obtained using a fully confocal Horiba
XploRATM spectrometer (Horiba, Japan) with a green laser (A = 532 nm) and 50x objective lens.
Agilent Cary 360 FT-IR with a diamond ATR module was used to obtain the infrared spectra. Agilent
5800 ICP-OES was used to measure the metal loading on the catalyst system. Surface and chemical
bonding characterisations were performed using ESCALAB™ QXi X-ray Photoelectron Spectrometer
(XPS) Microprobe by Thermo Fisher Scientific. X-ray diffraction (XRD) studies were performed
using Cu Ko radiation on a Siemens D5000 diffractometer from 10-90° with a step width of 0.01° and
a counting time of 10 s. The instrument peak broadening was corrected using quartz as the standard

reference material.

Electrochemical Test:

The electrochemical measurements were carried out using a three-electrode system in a sealed glass
cell with 0.5 M H,SOq electrolyte at 15 °C using an lviumStat electrochemical analyser. A modified
glassy carbon electrode (GCE, D=3mm) was used as the working electrode, while Pt wire was used as
the counter electrode and an Ag/AgCl electrode with saturated KCI as the reference electrode. Before
starting with the measurements, the Ag/AgCI electrode was calibrated each time against a master
reference electrode. Obtained potential values were converted from Ag/AgCl to the reversible
hydrogen electrode (RHE) using the Nernst equation (Erne= Eagiagci + 0.059xpH + 0.197).
Polarisation curves were IR-corrected with 90% IR compensation. GCE was polished using standard
techniques and electrochemically cleaned before each use. GCE was modified by drop casting the
dispersions of catalytic inks. These inks were prepared by mixing 5 mg of the catalyst with 450 uL of
IPA, 500 uL of ultrapure water and 50 pL of 5 wt% Nafion D520 solution. The mixture was stirred

for 10 mins, followed by sonication for 30 mins to obtain a homogenous ink. A volume of 20 pL from



the prepared ink was applied onto the polished glassy carbon electrode, resulting in a catalyst loading

of ~1.4 mgagccm™.

Results and discussions

The schematic diagram depicted in Figure 1 illustrates the straightforward approach of employing a
solution impregnation and carbonisation technique for the synthesis of the Ag/C catalyst.
Commencing this process necessitates the careful selection of a biomass precursor capable of offering
a maximum surface area for solution impregnation, producing almost atomically thin carbon walls
upon carbonisation, and being readily available and easily processable. In this study, naturally, dried
luffa cylindrical fibres (LF) were chosen as the primary candidate owing to their abundant availability
and micro-annular structure, which can facilitate the absorption of the Ag-containing solution for the
efficient formation of Ag nanoparticles on its surface. Fourier-transform infrared (FT-IR) spectrum of
dried LF is shown in Figure S1, with typical C-O, C=0, -CH and -OH functional groups. The
application of NaOH treatment was deemed crucial in dissolving any hardened lignin present on the
surface, thereby also activating the carbon matrix. This is also supported by the fact that when the
washed LF was immersed in water for a few hours, the water surrounding the LF became visually
blurry, indicating that the polymeric matrix of LF was experiencing some degree of component loss.
Although, it was discovered that the water uptake capacity of the washed LF was marginally higher
compared to that treated with NaOH through gravimetric analysis in earlier studies®, a standardised
NaOH pretreatment procedure was adopted to ensure consistency and address these concerns. To
understand the physical properties of the biomass substrate, the morphology of NaOH-washed LF
without Ag catalyst was first studied by using scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HR-TEM) for sample prepared by carbonising the LF at
900 °C. As seen in most of the biomass sources, LF produced similar honeycomb structures after
carbonisation; where the structural morphology and water uptake in LF results in a 3D architecture

composed of very thin interconnected carbon walls with high surface area.
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Figure 1. Schematic illustration of the solution impregnation process for synthesizing Ag/C catalyst.

The results, as depicted in Figure 2(a-b), reveal the inherent annular structure of the LF fibres,
characterised by a pore diameter ranging from 10 to 20 um. Upon closer examination of the fibre
walls as shown in Figure 2(c), uneven natural deposits became evident, likely originating from
hemicellulose and other waxy impurities. A high magnification SEM image recorded on the annular
structure can be seen in Figure S2. After undergoing a comprehensive NaOH cleaning and
carbonisation process, the overall morphology of carbonised luffa fibre (CLF) resembles that of the
non-carbonized material, as shown in Figure 2(d), indicating that the process does not alter the overall
structure. However, there is a definite increase in the diameter of the parallel microchannels, which
now measure between 20 and 30 um. This could be attributed to the removal of unwanted natural
material deposits both on the outside and inside of the annular structure. Furthermore, a distinct flaky
structure became evident upon closer observation of the wall from a lateral perspective, as shown in
Figure 2(e), suggesting the formation of atomically thin carbon walls necessary for the catalyst
support. The flaky structure is easier to observe when CLF is crushed using a mortar and pestle and
then examined using SEM, as shown in Figure S3. Delving deeper into the atomic configuration of

this carbon structure using HR-TEM as shown in Figure 2(f), a highly amorphous nature of the



carbon-based material with islands of crystalline carbon arrangement (highlighted by white ovals) can
be observed. This suggests a partial graphitisation of the material, possibly responsible for providing

increased electrical conductivity to the catalyst support.
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Figure 2. SEM images for a) dried LF cross-section b) magnified image for dried LF cross-section c) LF walls showing ridge
like structure due to non-cellulose based components d) cross-sectional image for CLF e) CLF walls showing carbonised flaky
structure f) High-resolution transmission electron microscopy (HR-TEM) image for amorphous carbon matrix with graphitic
islands as highlighted by circles

Ag/C catalysts were then prepared by using the solution impregnation method as described earlier.
After thorough washing of the LF, it was exposed to the solution impregnation for 2 hrs under
constant slow stirring and subsequently freeze-dried to obtain Ag® infused LF fibres. During the
impregnation of Ag® into the LF, the Ag* ions initially diffuse and permeate through the cell
membrane. Subsequently, an ion exchange mechanism takes place between the Ag™ ions and the
cellulose, phospholipid molecules, or membrane proteins present in the cell wall or membrane. This
process leads to the discharge of the majority of Ag* ions, allowing them to aggregate and form Ag-
containing nanoparticles (NPs) that are bonded to the surface of the cell wall and membrane. When
the Ag” infused LF was sintered at 900 °C under A, three processes were likely to happen

simultaneously: carbonisation of LF into N-doped carbon support, carbon-assisted reduction of Ag-



containing nanoparticles into metallic Ag nanoparticles in a coordinated ring structure and annealing

of Ag nanorings with carbon support.

The morphology and composition of Ag/C were studied after the solution impregnation and
carbonisation using SEM, TEM and energy-dispersive X-ray spectroscopy (EDS). The SEM images
of the overall surface and single fibre of CLF are shown in Figure 3(a-d), revealing a quite even
distribution of ring-like structures across the LF. These nanorings have an average internal diameter
of 400 nm and an outer diameter of 800 to 1000 nm. High-magnification SEM micrographs of Figure
S4 show the formation of Ag nanorings on significantly thin carbon walls, where Ag nanorings on
both sides of the wall can be observed. Conducting a line EDS scan across the ring-like structure, as
shown in Figure 3(e), reveals a hollow base, thereby confirming its ring-like nature rather than having
a cup morphology, as previously reported.® In fact, the LF impregnated for a longer time (10 hours)
contained attached spherical clusters instead of ring-like particles, accompanied by a significantly
higher loading of Ag, as shown in Figure S5. These observations suggest an enhanced time-dependent
diffusion of Ag"* ions across the plant fibre membrane during the soaking process. The TEM image of
a solitary Ag ring on Ag/C, as shown in Figure 3(f), suggests that the ring formation occurs through
the Ostwald ripening process. This process involves clustering Ag particles, followed by the annealing
of individual Ag nanoparticles (each with a diameter of 30-40 nm) to form the ring structure.®® A
meticulous examination of the ring reveals minute cracks on the surface, which may arise from larger
defects or incomplete fusion of crystal boundaries during the annealing process. EDS mapping on the
same as shown in Figure 3(g) and EDS spectrum, as shown in Figure S6, further confirm the
composition of the structure. The possible mechanism of such an Ostwald ripening process is shown
schematically in Figure 4. This uniform and coordinated aggregation of nanoparticles prevents the

island formation and results in an even distribution of ring-like structures across the carbon matrix.
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Figure 3. SEM images of a) single CLF strand decorated with Ag nanorings from Ag/C-900 b-d) magnified image for Ag
nanorings on Ag/C-900 e) EDS line scan f) TEM image for single Ag structure g) EDS mapping on Fig. 3(f)
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Figure 4. Ostwald ripening model for Ag nanoring formation

To understand the loading of silver on carbon and further probe the surface element composition and
valence states of the components, X-ray-photoelectron spectroscopy (XPS) was performed. The XPS
survey scan depicted in Figure S7 reveals the presence of Ag, C, N, and O at weight percentages of
2.9, 90.82, 1.94, and 4.34%, respectively, consistent with the Ag total loading observed by EDS and
inductively coupled plasma-optical emission spectroscopy (ICP-OES) at around 3% as shown in

Table S1. Relatively higher Ag loading can be observed when tested using ICP-OES because XPS



only measures the surface Ag nanoparticles and does not comprise of encapsulated or clustered NPs.
The high-resolution photoelectron spectrum of Ag 3d in Figure 5(a) exhibits two distinct peaks at
368.2 and 373.8 eV, corresponding to the Ag 3ds2 and 3ds2 binding energies of metallic silver,
respectively.®! This observation confirms that the Ag remains in the metallic form and does not
undergo significant oxidation. This also means that oxygen present in the system is surface oxygen,
bonded mainly to carbon impurities from the environment. The deconvoluted high-resolution XPS
spectrum of C 1s in Figure 5(b) shows clear signs of C-C (284.6 eV) corresponding to the sp3
hybridisation of amorphous carbon, C=C (284.3 eV) brought in by the partial graphitisation, C-O/C-N
(285.8 eV) which is due to effect of surface oxygen and N-doping of the carbon structure, C=0
(288.75 eV) due to surface oxidation and finally n-n* (291.1 eV) shake-up satellite peaks, arising
from n-n* type transitions.* These transitions involve the promotion of electrons from the highest
occupied molecular orbitals (HOMO) to the lowest unoccupied molecular orbitals (LUMO) in the
graphitic islands of the C matrix.*® The N1s spectra in Figure 5(c) can be further deconvoluted into
three peaks at 398.6, 400.7 and 401.6 eV, corresponding to the pyridinic-N, pyrrolic-N and graphitic-

N, respectively, further confirming the successful doping of N into the carbon matrix.
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The Ag/C hybrid was quenched from the carbonisation temperature by creating a significant
temperature gradient between the catalyst particles and the surrounding Ar gas. Given the notably low
stacking fault energy of Silver (16 mJ m™) compared to other metals, thermally induced plastic
deformation becomes more feasible. This facilitates the generation of stacking faults, as dislocations

can readily cross-slip and form stacking faults at localised regions of induced microstrain.

To gain more insights into the crystal deformation experienced by individual Ag nanoparticles and to
identify the specific types of faults generated, HR-TEM was utilised. Figure 6 shows an HR-TEM
micrograph of the Ag/C catalyst focused on a single nanoparticle that was taken and analysed for
structural defects. The micrograph prominently exhibits a profusion of well-defined periodic stacking
faults encircling the screw dislocation, initiated through thermal-induced crystal deformation. The
swift quenching process instigates the genesis of an abundance of vacancies, which congregate upon
the closely packed Ag (111) planes and merge to create stacking faults. Most of the screw dislocations
were accompanied by the concurrent presence of edge dislocations. The identification of planes was
accomplished by performing an inverse Fast Fourier Transform (FFT) analysis on the HR-TEM
micrographs. The resulting data allowed for the allocation of planes based on their corresponding d-

spacing values, as demonstrated in Figure 7 (a).



@)

Intensity (a.u)

/\Snlcking ‘

Sfault

.‘.‘.“.‘.
T S i i Ty T T T
tﬂﬁﬁt&ﬁ!ﬁt

2RBRVL

50550050814
5% %% % % h s

Perfect
crystal

]

Stacking
JSault
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X-ray diffraction (XRD) with Rietveld refinement was utilised to quantify the microstrain in Ag
nanoparticles. By adjusting parameters, including microstrain, the analysis provided quantitative
information about lattice distortion directly related to the formation of stacking faults in the
nanoparticles. A control sample Ag/C-900R was also prepared for Rietveld refinement, where Ag/C
was allowed to cool naturally without enhanced cooling effects. Rietveld refinement analysis unveiled
a minute microstrain of 0.004% in the Ag nanoparticles, denoting a relatively subdued presence of
stacking faults in Ag/C-900R. These findings were echoed in the HR-TEM micrograph showcased in
Figure 7(b). In striking contrast, the Ag/C-900 sample as shown in Figure 7(c) unveiled a significantly
elevated microstrain of 0.804%, attesting to a pronounced occurrence of stacking faults, as previously

observed in the HR-TEM micrograph.

The electrocatalytic performance of the Ag/C-900 catalysts was studied for HER in a standard three-
electrode system using a saturated 0.5M H,SO, electrolyte. To begin with, Ag/C-900, Ag/C-600,
CLF, and commercially purchased Ag nanoparticles were compared by polarisation curves for HER,
as shown in Figure 8(a), where Ag/C-900 exhibits superior performance by a considerable margin. It
demonstrated a Tafel slope of 39 mV dec, an onset potential at 1 mA cm™ of 77 mV, and an
overpotential of 116 mV at 10 mA cm, as depicted in Figure 8(b-d). To assess the mechanical
stability and adhesion of Ag nanoparticles to the CLF matrix, the electrocatalyst underwent a 2-hour
sonication process and subsequent HER testing, showing no significant changes, as illustrated in
Figure 8(c). The robust bonding between Ag nanoparticles and the carbon matrix materials offers
significant advantages in facilitating electron transfer and ensuring enduring stability in
electrocatalytic processes over extended periods. That was further evidenced by testing the Ag/C-900
for long electrochemical cycling. After 10 hours of continuous electrolysis at -0.132 V vs RHE, no

significant decay was observed in the current density, as demonstrated in Figure 8(f) and (g).
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To investigate the HER mechanism, Tafel plots were constructed using polarisation curves. The linear
region of the Tafel plots, referred to as the kinetically controlled region, was extracted and fitted to the
Tafel equation (n = a + b log j).** The obtained Tafel slopes are 39 mV/dec for Ag/C-900 and 48
mV/dec for Ag/C-600. The hydrogen evolution reaction can occur in the acidic medium through three
possible steps.® The Volmer step, also known as the discharge step, involves the production of
adsorbed hydrogen on the electrocatalyst surface through proton-coupled electron transfer, and the
corresponding reaction can be represented by the equation, where the theoretical value of b for this

step is approximately 118 mV.



Volmer step: H;0% + e~ + E, - EcHyqs + Ho(g) (1)

After the adsorption of hydrogen, the subsequent desorption process can occur through two possible
mechanisms. The first is the Heyrovsky mechanism, where an additional proton from the solution
interacts with the adsorbed hydrogen to generate H gas. The theoretical value of b for this mechanism
is approximately 39 mV. Alternatively, the desorption can proceed through the Tafel reaction, where
two adsorbed hydrogen intermediates recombine. The theoretical value of b for this mechanism is

approximately 29.5 mV.
Heyrovsky step: E.Hygs + H;0T + e~ - E. + H,0 + H,(g9) (2)
Tafel step: CHygs + CHygs — 2C + H, (9) (3)

Our observed Tafel slopes for both Ag/C catalysts, in this case, are around 40 mV/dec, suggesting that
the proposed catalysts use the VVolmer-Heyrovsky mechanism as the slope of the electrocatalysts is
between the theoretical values of corresponding steps. Due to the relatively high Tafel slope, the
Heyrovsky step could be the rate-determining step where slower desorption of hydrogen from the
surface occurs. However, the reverse scenario in which a limited surface participates in the adsorption

of hydrogen, followed by faster hydrogen desorption through the VVolmer step, is also possible.

The HER performance of Ag/C catalysts carbonised at different temperatures was investigated, as
shown in Figure S8. The catalyst carbonised at 900°C exhibited the highest catalytic activity,
indicating that this temperature is optimal for producing efficient structures for electrocatalysts. It is
speculated that the enhancement is attributed to the thermally induced structural modifications in the
conductive carbon matrix support, for which further spectroscopic and structural studies were

performed on the bare carbon support.

Raman spectroscopy was performed to study morphological changes happening to the CLF by
changing the carbonisation temperature. Raman spectra of CLF carbonised at different temperatures
demonstrate the presence of characteristic broad D and G bands at around 1341 cm™ and 1578 cm™,
respectively, as shown in Figure 9(a), typical for highly disordered hard carbons. D band is associated

with the presence of structural defects or disorder in the carbon material. In contrast, the G band



corresponds to the sp? hybridisation of carbon atoms in an ordered crystalline lattice.*® As can be
observed, the peaks become sharper with increasing the carbonisation temperature, indicating a
significant graphitisation. This is expected since thermal treatment promotes the rearrangement and
reordering of carbon atoms, forming more ordered graphitic structures. The shift in the peak position
of the D band is noticeable when the carbonisation temperature increases from 600 to 1100 °C,
causing the D band to shift from 1363 to 1341 cm™. Furthermore, the G band in the Raman spectrum
shows a redshift, moving towards lower wavelengths, which indicates a reduction in doping and
decreased strain within the carbon structure. The increased Ip/lg ratio with increasing carbonisation
temperature as shown in Figure 9(b), coupled with the changes in the D band position and shape,
suggest the transformation of defects having large sp® islands into smaller types of atomic and linear
defects, indicating a gradual progression along the Ferrari amorphisation trajectory. 33" The
graphitic nature of the produced carbon at higher temperatures is further evidenced by the detection of
the 2D band at ~2681 and ~2684 cm™ for the Ag/C carbonised at 900°C and 1100°C, respectively.
This peak shift could possibly suggest a reduction in the number of stacked layers in the
nanocrystalline domains of the carbon and the presence of thinner stacks of crystalline carbon in the
carbon matrix, with partial oxidation. However, no direct evidence of this was observed by TEM

imaging.
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Figure 9. Raman spectroscopy a) Raman spectra of Ag/C catalyst carbonized at different temperature b) comparison of Ip/lg
ratios c) XRD pattern of Ag/C carbonised at various temperatures

The XRD analysis of CLF further confirmed the graphitisation of the LF at high temperatures, as
shown in Figure 9(c). Clear development of graphite-related peaks at 20 = 26.4° and 26 = 43.1°
corresponding to the interplanar distance of d = 3.5 A .and d = 2.1 A, respectively, can be observed on
the XRD pattern. The first peak corresponds to the diffraction on the (002) planes, while the second
peak corresponds to the (101) planes. It is worth noting that the (002) direction represents the c-axis
of the graphite unit cell, which is perpendicular to the hexagonal planes. Further, the amorphous peak
intensity increase at lower 260 values could also arise from partial oxidation of the nanocrystalline

graphitic domains.

Demonstrated in this article, the introduction of crystalline defects and strain to Ag nanorings
decorated on luffa-derived carbon structures could provide a driving force to promote the hydrogen
evolution reaction, avoiding the requirement for the utilisation of expensive catalysts such as Pt. The
tests show the performance of the catalyst is better than many and very much comparable to the best

works in this area as shown in Table S2. Future research may focus on the impact of crystalline



defects/strain at various levels and configurations on the catalytic activity of the system in more

details.



Conclusion

A straightforward strategy was demonstrated to leverage the synergistic properties of metal-carbon
structures for efficient hydrogen evolution. The introduction of stacking faults into Ag crystalline
structure, in combination with the electron transfer characteristics of highly conductive biomass-
derived carbon support, enable the creation of a highly efficient electrocatalyst for the HER,
achievable while using a minimal amount of metal nanoparticles. This modification effectively
transforms previously inactive or poorly active Ag into a highly efficient catalyst for HER through the
utilisation of an environmentally friendly carbon precursor, ultimately enhancing the overall
performance of the electrocatalyst. Furthermore, we have investigated the impact of carbonisation
temperature on the properties of the carbon backbone to comprehend its influence on HER activity.
This novel concept opens up a new avenue for the synthesis of more straightforward electrocatalysts

with significantly reduced metal loadings for HER and other electrocatalytic applications.
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